The reactive surface structures of a subunits of tryptophan synthase from Escherichia coli, Shigella dysenteriae, Salmonella typhimurium, Aerobacter aerogenes, and Serratia marcescens were compared by measuring (i) their reactivities in microcomplement-fixation assays with antibodies directed specifically to E. coli wildtype a subunit, (ii) their reactivities in enzyme neutralization assays with the same antibodies, and (iii) their binding affinities for tryptophan synthase 12 subunits. The enzymes from the four heterologous species cross-reacted in the microcomplementfixation assays with the anti-E. coli a subunit antibodies, each to a different degree. However, neutralization titers of the antibodies reacting with the various a subunits were comparatively similar, and the 12 subunit-binding and -stimulating abilities of the a subunits were even more closely alike. The results suggested that the tertiary structure of the 2 subunit-binding site of the a subunit has been conserved, relative to the rest of the molecule, during the evolutionary divergence of the species of Enterobacteriaceae.
The evolution of separate species from some common ancestor is presumed to proceed by a stepwise accumulation of relatively simple differences in the genomes of segregated strains of progeny. Studies on nucleic acid hybrids and comparisons of the amino acid sequences of homologous proteins isolated from related organisms imply that this process occurs within single genes, as well as in whole genomes. In one such study, Creighton et al. showed a variety of similarities and of differences in tryptic-chymotryptic peptides prepared from a subunits of tryptophan synthases extracted from different species of Enterobacteriaceae (5) . The many similarities confirm the homology of the enzymes. The differences, ranging from 3 (of a possible 40) between Escherichia coli and Shigella dysenteriae to approximately 20 between E. coli and Salmonella typhimurium, E. coli and Aerobacter aerogenes, or S. typhimurium and A. aerogenes, indicate an evolutionary divergence within the gene coding for the a subunit which roughly corresponds to the divergence of the organisms as inferred from more general criteria (Bergey's Manual of Determinative Bacteriology). Further work, comparing the complete amino acid sequences of a subunits from E. coli and S. typhimurium, is expanding and strengthening these conclusions (G. Johnson and C. Yanofsky, personal communication) .
The pattern of evolutionary change in any single gene-protein system is a function both of random mutation and of a selection process that reflects the effects of the mutations on the production or activity of the protein and the value of the protein's function to the organism. Each of the a subunits from species of Enterobacteriaceae possesses two activities (1, 3, 4, 6, 20) : the first, a catalysis of the cleavage of indoleglycerol phosphate to indole and glyceraldehyde-3-phosphate; the second, an ability to bind to the 12 subunit of tryptophan synthase with, among other effects, a stimulation of the 12 subunit's activity in the pyridoxal phosphate-dependent reaction, indole + L-serine -4 L-tryptophan. The conservation of acomplex tertiary structure consistent with these activities is probably responsible for some of the peptide similarities observed among the a subunits from different species. But in order to ascertain how much of the reactive surface of the molecule actually is invariant, and thus estimate the degree to which the retention of enzymatic activity limits change in the nucleotide and amino acid sequences of gene and protein, a measure of three-dimensional structure that is independent of enzyme activity would be useful. 1 To provide this kind of measure, we have obtained specific antisera directed toward the ca subunit of tryptophan synthase from wild-type E. coli (12) . Using these sera with microcomplement-fixation and neutralization assays, we have compared the a subunits from E. coli, S. dysenteriae, S. typhimurium, A. aerogenes, and Serratia marcescens and can demonstrate both the general antigenic diversity of the various proteins and the relative uniformity of surface regions that are associated with their 2 subunit binding sites.
MATERIALS AND METHODS
Strains of E. coli, mutant B8 (10) , and S. dysenteriae, mutant 16 , were kindly provided by Charles Yanofsky; strains of E. coli, A2F'A2 (8, 23) , S. typhimurium, mutants D55 and C44 (2) , and A. aerogenes, mutant A170-44 (10) A. aerogenes was grown in either of two ways. In the first, it was incubated in minimal salts medium containing glucose (0.2%) and yeast extract (0.5%) until the culture reached 2.5 X 109 to 4.0 X 109 cells/ml. The culture was centrifuged and the medium was decanted. The cells were resuspended in minimal salts, glucose (0.2%), and acid-hydrolyzed casein (0.05%) and were incubated at 37 C with aeration for 4 to 6 hr before harvesting. In the second method, an inoculum from a yeast extract culture was incubated in minimal salts medium containing glucose (0.2%), acid-hydrolyzed casein (0.5%), L-tryptophan (3 ;g/ ml), p-aminobenzoic acid (200,ug/ml), and p-hydroxybenzoic acid (200 M&g/ml). As in the case with E. coli, it was permitted to grow to stationary phase, and then was harvested 2 to 4 hr later. Specific enzyme activities observed with the two methods were about equal.
Strains of S. marcescens were grown on medium recommended by W. Belser. The medium contained, in one liter: K2HPO4, 8 g; glycerol, 20 ml; NH4 citrate, 5 g; MgS04.7H20, 0.5 g; FeCl2, 0.02 g; acidhydrolyzed casein, 5 g; and tryptophan, 3 mg. Other conditions of growth and harvesting were the same as for the E. coli strains.
Growth tests for reversion or contamination were always performed.
Extracts used as sources of the a subunit were prepared with a French pressure cell, and then were treated by MnCl2 addition, dialysis, and centrifugation to remove nonspecific anticomplementarity. The procedure has been described in detail previously (12) . Cells of E. coli A2F'A2 and S. typhimurium C44, used as sources of ,52 subunits, were suspended in 0.1 M Tris buffer, pH 7.8, lysed in the pressure cell, and centrifuged for 20 min at 30,000 X g and then for 60 min at 100,000 X g. The supernatant liquid was used without further treatment.
For some enzyme assays, I62 subunit was removed from E. coil, A. aerogenes, and S. dysenteriae extracts by the addition of 1 M acetate buffer, pH 3.2, to bring the solutions to pH 4. The mixtures were centrifuged at 30,000 X g for 15 
RESULTS
Complement-fixation assays. The diversity of the antigenic structures of the a subunits from the various bacterial species is most evident from the direct reactions of the enzymes with antisera in microcomplement-fixation assays. Figure 1 shows complement fixation by extracts of each of the species reacting with a 1:1,000 dilution of serum 1978. E. coli and S. dysenteriae extracts gave closely similar fixation, though with slightly different amounts of enzyme activity; S. typhimurium extract showed a clear, but lower, maximal fixation; and A. aerogenes and S. marcescens extracts gave little or no fixation at this concentration of antiserum.
In the microcomplement-fixation system, an appropriate increase in the concentration of antiserum reacting with a cross-reacting antigen will raise the maximal fixation obtained with that antigen to equal the maximal fixation obtained with homologous antigen and a lower concentration of serum. The ratio of the antiserum concentrations used with the two antigens to give the same level of maximal fixation provides a measure of cross-reaction. This ratio, the "index of dissimilarity," is independent of the actual value of the maximal fixation chosen for comparing the antigens, for levels between approximately 10 and 90%. Figure 2 A preparation of each heterologous antigen was tested with each antiserum in a titration experiment like the one above. To minimize the effects of day-to-day fluctuations in the complement-fixation system, the value of the index of dissimilarity was in each case calculated with the use of the single homologous control curve included with that particular experiment. The total error involved in the estimation of the index of dissimilarity by this procedure was probably on the order of 5 to 7%. Table 1 presents data for the reactions of the wild-type a subunits of the five species; Table 2 gives calculated indices of dissimilarity. Index values ranged from 1.04, 4 In the first experiment, the sera were titrated simultaneously against S. dysenteriae a subunit and the homologous E. coli antigen; in subsequent experiments, serum titrations against heterologous antigens were compared with a homologous control curve run with a single serum dilution (far right-hand columns).
b C'fmax is the maximum "% complement fixation" obtained with the serum dilution and antigen indicated.
-EU (C'fmax) is the number of i2 subunit-stimulating units necessary to give maximal fixation. For the last five entries, no distinct maximum was observed. indicating near identity with E. coli a subunit, to >10, indicating an antigenic difference beyond the ability of this system to quantitate. Table 1 includes data for two mutant strains of E. coli: one, A17, has an ochre mutation in the gene coding for the a subunit; the other, AB8, has a deletion of this gene. Both strains revealed a small degree of fixation when tested with a 1 :100 dilution of antiserum, the most serum that could be used without prohibitive nonspecific anticomplementarity. This fixation did not occur with a clear maximum, however, and probably represented a nonspecific effect of the high concentration of serum present. This conclusion was corroborated by the inhibition experiment described in the following paragraph.
Extracts of S. marcescens also showed no fixation with a 1:100 dilution of serum 6630. To demonstrate that the S. marcescens a subunit did react with antibodies in this serum, S. marcescens extract was used as a competitor in a complementfixation assay of E. coli a subunit reacting with a 1:1,000 dilution of 6630. Figure 3 describes the complete experiment. Extracts with 3.2 units of S. marcescens enzyme activity reduced maximal fixation by E. coli a subunit from 82 to 32%. Preparations of other species completely suppressed fixation, whereas the control, E. coli A17, had no detectable effect.
Heterologous a2 subunit stimulation. The complement-fixation assays applied to the various wild-type a subunits demonstrated clear-cut antigenic differences among the proteins, but direct fixation and inhibition of fixation experiments also indicated the presence of determinants on S. dysenteriae, S. typhimurium, A. aerogenes, and S. marcescens a subunits that were similar or identical to ones on E. coli a subunit. Further experiments suggest that those surface regions on 
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o The index of dissimilarity is the ratio of antiserum concentrations used with homologous antigen and with cross-reacting antigen to give the same level of maximum "% complement fixation." bThe values given were calculated from the data in Table 1 by the method illustrated in Fig. 2 . The association of E. coli a subunit and 12 subunit, as studied by Creighton and Yanofsky (6) , is a reversible process involving no covalent bonds. The association constant, around 109 m-F, implies a fairly large negative standard free energy of association, about -13,000 cal/mole. This in turn suggests the participation of weak bonds between several groups held closely in juxtaposition by the conformational complementarity of sites on each subunit. Certain single and double amino acid substitutions in the sequence of the E. coli a subunit are known to decrease the affinity of this protein for E. coli 12 subunit, probably by altering the structure of its 132 subunit binding site (12) . If the primary structural differences among the a subunits from the various species include amino acids that extend into or otherwise affect their 2 subunit-binding sites, then the a subunits might also have different affinities for a particular 12 subunit. [(AT-AB) (BT-AB)]. In the second expression, the concentration of a-,B complex is measured in terms of an enzyme activity which depends on the formation of complex. AB represents the activity of the complex present; AT, the activity which would be observed if the total a subunit present were saturated with 2-subunit; BT, the activity which would be observed if the total 132-subunit present were saturated with a subunit. A rearrangement of the second expression yields ABI (AT-AB) = KABT-KA(AB). The typhimurium, and S. marcescens. There were minor differences: in particular, the a subunit from S. typhimurium bound the E. coili 2 subunit more tightly and stimulated it less than did the others. [The lower stimulation appeared similar to that observed with E. coli, mutant A46PR9 (12) .] However, the near coincidence of the three curves strongly implies the similarity of the E. coili 12 subunit-binding sites of the three a subunits. On the other hand, more distinct variation was observed whenf12 subunit from S. typhimurium was used (Fig. 4b) . Yanofsky suggested that neutralization of 132 subunit stimulation by anti-a subunit antibody resulted from an interference with a subunit-12 subunit association. The following experiment further supports the idea of competition between antibody and 2 subunit in their binding to a subunit. Quantities of a subunit and 132 subunit were mixed with different amounts of antiserum in two ways. In the first procedure, a subunit and 12 subunit were preincubated for 10 min at 0 C in the reaction mix (buffer, pyridoxal phosphate, L-serine, NaCl, dithiothreitol) before antiserum and then indole were added. In the second procedure, a subunit and antiserum were preincubated (under the same conditions) before 12 subunit and then indole were added. As soon as indole was added, the tubes were placed at 37 C; after a measured incubation, they were assayed for indole. Figure 5 shows might compete: (i) 12 subunit and antibody might sterically interact (that is, binding sites on a subunit for 12 subunit and for neutralizing antibody might overlap or be sufficiently close together so that the binding of a subunit to one macromolecule prevents its properly contacting the other); (ii) 132 subunit and antibody might bind to mutually exclusive conformational states of the a subunit or induce different conformational states of this protein (in this case, binding sites for the two components might not be near each other on the a subunit surface). But, whatever the mechanism of neutralization, neutralization assays detected a subset of antibodies that bound to sites on the a subunit surface that were in some way associated with the 2 subunit-binding site or with the 2 subunit-binding conformation. A comparison of the neutralization titers of the antisera for different a subunits would reflect structural similarities among these sites on the corresponding proteins.
The a subunits of the various species were compared in assays in which the following components were added in order: 1.5 units of a subunit; 0, 1, 2, or 3 ;liters of antiserum; about mix, and then indole. Table 4 presents neutralization titers for both antisera reacting with each of the a subunits. Values given represent means of at least three independent determinations. Neutralization titers varied among the a subunits roughly according to the degree of reactivity the a subunits had shown in complement-fixation assays. However, the relative amounts of crossreactivity were high. Neutralization titers observed with S. typhimurium and A. aerogenes a subunits were 70 to 80 % and those with S. marcescens a subunit were 50 to 65% of that found with E. coli a subunit. These values, especially the ones with serum 6630, appear to contrast with cross-reactivities shown in microcomplement-fixation assays. According to a relationship determined by Sarich and Wilson using primate serum albumins (13), indices of dissimilarity of 6 to 7 (S. typhimurium, A. aerogenes, with 6630) correspond to precipitin percentages of cross-reaction (at equivalence) of 45 to 55%; >10 (S. marcescens) corresponds to <<40%.
Precipitation of neutralizing antibodies. The relative correspondence of the neutralization titers did suggest a relative similarity among those regions of the various a subunits that bound neutralizing antibodies. However, this evidence was not conclusive, because cross-reactions involved only fractions of the neutralizing antibodies. It was possible, for example, that neutralization of S. typhimurium and S. marcescens a subunits might be due to almost entirely different subsets of antibodies binding to determinants not common to the two proteins.
To test this possibility, precipitates were Table 4 ). f Not measured. DISCUSSION The wild-type a subunits from the five species of Enterobacteriaceae gave quite diverse reactions with both antisera as measured in microcomplement-fixation assays. The appearance of crossreactions was consistent with the results of other serological investigations of gene products from phylogenetically related organisms. In fact, the actual values for cross-reactions (indices of dissimilarity) found with a subunits from E. coli, A. aerogenes, and S. marcescens, reacting with serum 1978, were very similar to those found by Cordes and Levine using antiserum directed to E. coli alkaline phosphatase and alkaline phosphatase-containing extracts of the same species (19) . In the a subunit system, the degrees of cross-reaction roughly followed the numbers of tryptic-chymotryptic peptide differences observed in fingerprint comparisons (5) .
In contrast with their variety of reactions in microcomplement-fixation assays, the wild-type a subunits demonstrated striking homogeneity in their 12 subunit-binding and stimulating properties. The highest and lowest binding affinities to E. coli 2 subunit, those of S. typhimurium and S. dysenteriae a subunits, were 9.0 and 2.8 [(enzyme units/ml7l)], compared with 4.0 for E. coli a subunit. These constants at 37 C represent free energies of association of 13,000, 12,250, and 12,500 cal/mole, respectively; the relative difference in free energies is no more than 6%.
Similar 12 subunit-stimulating properties were paralleled by comparatively similar reactions of the different wild-type a subunits with those antibodies that neutralized 12 subunit-stimulating activity. If neutralization titers were actually proportional to amounts of reactive neutralizing antibody, then the differences in reactions with neutralizing antibodies appear to be much less than those with precipitating antibodies, as inferred from complement-fixation assays.
The wild-type a subunits as a group were entirely different from the mutant E. coli a subunits with single and double amino acid replacements that were described in the earlier report (12 The strict retention of the functional properties of the 132 subunit-binding site among wild types, that is, the nearly identical binding and stimulating efficiencies of the different a subunits, underscores the difficulty involved in obtaining complementary structural changes in two interacting molecules controlled by different genes. The simultaneous occurrence of two mutations that would lead to such changes is virtually impossible, and apparently sequential stages in which one subunit changes, then the other changes to match the first, have not taken place in the evolution of the Enterobacteriaceae. The latter mechanism seems theoretically possible, in the case of tryptophan synthase, by the passage of a bacterial population through a tryptophan-rich environment. Perhaps the number of alternative structures which can satisfy the complex functional requirements of tryptophan synthase is very limited. Siekevitz has suggested that similar factors have influenced the evolution of cytochrome c (14) . This protein, which interacts with mitochondrial membrane structures forming the electron transport chain, has shown high conservation of amino acid sequences over an extremely wide span of evolutionary time (11) .
It is tempting to speculate that the determinants which bind neutralizing antibodies are adjacent to or overlap the 12 subunit-binding site on the a subunit surface. Such positioning could be responsible both for the relative similarities of these determinants among the wild-type a subunits, and for the neutralizing activities of the antibodies that bind these determinants. There is as yet no concrete evidence to confirm these ideas.
